Abstract Cell death is a fundamentally important problem in cell lines used by the biopharmaceutical industry. Environmental stress, which can result from nutrient depletion, by-product accumulation and chemical agents, activates through signalling cascades regulators that promote death. The best known key regulators of death process are the Bcl-2 family proteins which constitute a critical intracellular checkpoint of apoptosis cell death within a common death pathway. Engineering of several members of the anti-apoptosis Bcl-2 family genes in several cell types has extended the knowledge of their molecular function and interaction with other proteins, and their regulation of cell death. In this review, we describe the various modes of cell death and their death pathways at molecular and organelle level and discuss the relevance of the growing knowledge of antiapoptotic engineering strategies to inhibit cell death and increase productivity in mammalian cell culture.
Abbreviations

A1
Introduction
It has been over two decades since the US food and drug administration (FDA) approved the first biopharmaceutical product. By 2006 some 165 biopharmaceutical products (recombinant proteins, monoclonal antibodies and nucleic acid-based drugs) have gained marketing approval (Walsh 2006) . Most of these products are produced in CHO cell line which is considered as the best workhorse for commercial therapeutic protein production, generating the desired glycosylation structure (Jayapal et al. 2006) , although NS0 mouse myeloma, BHK, HEK-293 and few human-derived cell lines are also used in production.
A major challenge in mammalian cell line development is that the volumetric yield of protein is typically *10-100 folds lower than those achieved when using microbial host systems due to slower growth, lower cell based productivity and high death rate of mammalian cells. Hence, to meet the market demand cells have to be grown at high densities in large bioreactors and fed for a prolonged period of time . The problem with high density culture production is the enhanced environmental perturbation, thus stressing cells due to nutrient and oxygen transport limitation, accumulation of metabolic by-products and elevated osmolarity (Mercille et al. 2000; Al-Rubeai et al. 1992; Zhu et al. 2008) . Consequently, often the first sign to cell stress is a prolongation of the cell cycle, up-regulation of the transcription factor NF-kB and Bcl-2 family of protein and triggering of the death receptors which play important role in the transduction of the apoptotic signal. During sever and sustainable stress cells are led to their death by one of the two mechanisms; passive cell death (necrosis) and programmed cell death (apoptosis and autophagy). Hence, developing methods to prevent cell death in bioreactors has been pursued with great interest.
Supplementing nutrients to culture media has been an efficient approach to overcome cell death. Alternatively, cell line engineering with anti-apoptotic genes has also successfully shown to delay the onset of cell death. The main focus of research in this area has been on the bcl-2 and bcl-xL genes. In cells overexpressing bcl-2 the results show a mixed bag of significant increase in viable cell number and modest or no increase in productivity (Tey et al. 2000a, b; Tey and Al-Rubeai 2005a, b; Meents et al. 2002) . Other notable findings are the increase in macromolecular synthesis and ATP production (Imahashi et al. 2003; Janumyam et al. 2003) as well as cell cycle prolongation (Simpson et al. 1999; Zinkel et al. 2006) .
The development and deployment of the 'omic' technologies (genomic, proteomic, metabolomic) to study cell death will certainly help to discover novel targets for cell death engineering (Kuystermans et al. 2007; Wong et al. 2006) . Additionally, with the concept of cell death by autophagy in mind, it seems worthwhile to revisit the issue of cell death in production processes Zustiak et al. 2008) .
This paper begins with a brief overview of the morphology and molecular mechanism of cell death, mainly apoptosis and autophagy. This is followed by a review of the work on cell line performance as influenced by the over-expression of anti-apoptotic genes and by other cell engineering strategies which delay cell death.
Morphological features of cell death
The two forms of cell death, passive death (necrosis) and programmed death (apoptosis and autophagy), are illustrated in Fig. 1 . Necrosis occurs when cells are subjected to sudden and sever external stress (Singh et al. 1994) . Morphologically cells feature swelling, chromatin digestion, disruption of the plasma membrane, ATP depletion, extensive DNA hydrolysis, vacuolation of the endoplasmic reticulum, organelle breakdown and cell lyses (Cotter and AlRubeai 1995; Leist et al. 1997) .
Cell death by apoptosis was identified and named in 1972 by Kerr et al. (1972) . This form of cell death has a remarkable implication in the field of cancer research, infectious diseases and other medical areas as well as in cell culture technology. Early morphological characteristics of apoptosis include cell shrinkage, and loss of surface microvilli, followed by chromatin condensation, mitochondrial depolarization and membrane blebbing. Among the biochemical changes are an increased cytosolic Ca 2? ion concentration, cellular acidification and DNA fragmentation (into 180-200 bp) (Cummings et al. 1997) . The energetically demanding process of apoptosis can be triggered by extra-or intra-cellular stimuli which activate a variety of cellular signaling cascades. One early apoptotic sign is the increase of the expression of pro-apoptotic compared to anti-apoptotic Bcl-2 family members.
Research on autophagy or so called ''new apopotosis'' has been on-going for over 40 years, but the process gained more attention recently when further knowledge has been obtained about the molecular machinery due to the application of the 'omic' technologies. Autophagy promotes survival but only under prolonged stress stimuli through nutrient limitation it induces cell death (Klionsky 2007) . The catabolic cellular function is characterized by the degradation of the cell's own components through the lysosomal machinery. Thus, a characteristic feature of autophagy is the appearance of a double-or multimembrane cytosolic vesicle surrounding mitochondria, endoplasmic reticulum (ER) and ribosome and their delivery to and subsequent degradation by the cell's own lysosomal system. The decomposed cell compartments are recycled for macromolecular synthesis and ATP generation. The detailed morphological difference between apoptosis and autophagy is illustrated in Mohan et al. (2009) .
Molecular mechanism of cell death
Apoptosis
At the molecular level the process of apoptosis is controlled by a diverse range of cell signals which may originate either extra-cellulary (extrinsic inducers) or intra-cellulary (intrinsic inducers). Three main apoptotic signalling pathways can be activated by different sources of stimuli: (1) the extrinsic death receptor pathways, (2) the intrinsic or mitochondriamediated pathway and (3) the intrinsic endoplasmic reticulum (ER) stress pathway (Jin and El Deiry 2005) . All three death-inducing pathways recruit downstream caspase effectors as illustrated in Fig. 2 .
In summary, the death receptor pathway is triggered by ligation of the so-called 'death receptors' (TNF receptor family; FasL, TRAIL or TNF) which can recruit and activate caspases-8 through the adaptor protein FADD at the cell surface. This recruitment causes subsequent activation of downstream (effectors) caspases without involvement of Bcl-2 family proteins or in some cases through activation of Bcl-2 family member Bid (Ashkenazi and Dixit 1998) .
The mitochondrial death pathway, on the other hand, is regulated by the Bcl-2 family of proteins which represent a critical checkpoint upstream of the The proapoptotic Bcl-2 family members (e.g. Bax and Bak) are able to trigger mitochondrial membrane permeabilization in response to apoptotic stimuli such as DNA damage. This causes the release of pro-apoptotic factors including cytochrome c, AIF, and SMAC/ DIABLO through mitochondrial permeability transition pores (PT) into the cytosol where they participate in cellular destruction. Mitochondrial efflux of cytochrome c drives the generation of the apoptosome (apoptotic body) by binding to the adapter protein APAF1 which leads to caspase activation.
Caspases can be divided into two groups, whereby the initiator caspases (caspases -8, -9, -10 and -12) activate the executor caspases (caspases -3, -6 and -7) which are responsible for the cleavage of key cellular substrates that lead to the morphological changes unique to apoptosis (Degterev et al. 2003) .
The endoplasmic reticulum (ER) induces the stress pathway in response to oxidative stress, perturbation of Ca 2? or energy stores and unfolded/misfolded protein accumulation. This can lead once to proteolytic cleavage of caspase-12 and/or unfolded protein response (UPR), which can also trigger apoptosis induction under prolonged ER stress (reviewed by Schroder and Kaufman 2005 and Wu and Kaufman 2006) . Subsequently, the ER derived Ca 2? signaling may provide a sensitizing signal for mitochondrial cytochome c release (Heath-Engel et al. 2008 ).
Autophagy
The molecular process of autophagy has mainly been studied in yeast (Tsukada and Ohsumi 1993) and until today, there have been over 30 autophagy-related proteins (Atgs) discovered, regulating multiple signaling pathways which prolong survival during a short period of cell starvation before switching the direction to cell death (Levine and Klionsky 2004) . Overall, the term ''autophagy'' covers three processes: micro-, macro-and chaperone-mediated autophagy whereas macro-autophagy is the most active form (Reggiori and Klionsky 2002) . Hence, in mammalian cells the central regulator and gatekeeper of macro-autophagy induction is the mammalian target of rapamycin (mTOR) controlled by the PI3K and PKB/Akt pathway. Under starving conditions, mTOR is inactivated, leading to transcriptional activation of Atg genes (Fig. 2) . Additionally, macro-autophagy is initiated in response to endoplasmic reticulum (ER) stress caused by misfolded proteins, via the ER-activated autophagy pathway, which activates a partial unfolded protein response (Ding and Yin 2008 ). An in depth overview of key components involved in autophagic progression is illustrated by Zustiak et al. (2008) . Notably, autophagy and apoptosis are seen to interact in various ways such as (a) autophagy may be indispensible for apoptotic occurrence, (b) autophagy may antagonize apoptosis, and (c) apoptosis and autophagy may occur independent of each other (Gonzuacik and Kimchi 2004) . There are also examples where the two processes may be mutually exclusive in that inhibition of apoptosis may convert cell death morphology to autophagic and vice versa (Gonzuacik and Kimchi 2004) .
Bcl-2 family members
The Bcl-2 (B-cell lymphoma) family proteins represent a critical intracellular checkpoint for inducing or preventing cell death at both the ER and mitochondria (Heath-Engel et al. 2008 ). In the mitochondrialmediated pathway (illustrated in Fig. 2 ) they control the mitochondrial outer membrane permeabilization (MOMP) which plays a key role in the apoptotic process (Cory and Adams 2002) .
Next to the well documented anti-apoptotic Bcl-2 protein, there are over 25 Bcl-2 family proteins possessing up to 4 conserved Bcl-2 homology (BH) domains. The anti-apoptotic members Bcl-2, Bcl-xL, MCL-1 and A1 contain all 4 BH domains. Some of the pro-apoptotic members (Bax, Bak, and Bok) contain 3 BH domains (BH1-3) whereas other members (Bid, Bad, Bim, Bik, Noxa and Puma) contain only the BH3 domain, also called 'BH3-only' members (Youle and Strasser 2008) . The 'BH3-only' proteins are connected to proximal death and survival signals. Under sustainable cellular stress, Bim and Bid induce Bax and Bak which oligomerize at the outer mitochondrial membrane and alone or in combination with other mitochondrial proteins, such as voltage dependent anion channel (VDAC) protein form large membrane transition pores which permeabilize the membrane and release the pro-apoptotic effectors (e.g. cytochrome c) (Chipuk and Green 2008; Willis et al. 2007 ). Nonetheless, Bax and Bak death activity can be sequestered by the anti-apoptotic Bcl-2 and Bcl-xL proteins at the mitochondria (Cheng et al. 2001) . However, when growth/survival factors are withdrawn the pro-apoptotic sensitizer/de-repressor BH3 protein Bad is thought to bind Bcl-2 to block its anti-apoptotic function and thereby can prevent Bcl-2's inhibition of Bax and Bak (Danial et al. 2003) .
The Bcl-2 family members have been recently discovered to play a dual role in the control of apoptosis and autophagy at the ER. The binding of Bcl-2/Bcl-xL to the newly identified BH3 protein Beclin-1 inhibits autophagy until the interaction is disrupted (Ku et al. 2008; Pattingre et al. 2005) . On the other hand, it has been confirmed that autophagy can be induced by BH3-mimetic compounds and BH3 only proteins (e.g. Bad) disrupting the interaction between Beclin-1 and Bcl-2 and Bcl-xL. Hence, the anti-autophagy function of Bcl-2 may help maintain autophagy at levels that are compatible with cell survival, rather than cell death when expressed at higher level (Levine et al. 2008) .
On the whole, how the interaction of anti-and proapoptotic proteins with each other is regulated at the molecular level and how they dictate the balance between survival and death remains controversial. The recent hypotheses regarding apoptosis regulation are illustrated and discussed by Chipuk and Green (2008) who provide analysis of the two models (the anti-apoptotic protein neutralization model and the direct activation of Bax and Bak model) to describe the process of mitochondrial outer membrane permeabilization that is controlled by the Bcl-2 family, which consequently dictates cellular fate and conclude that the BH3-only proteins serve as both inhibitors to the anti-apoptotic proteins and direct activators of effector molecules.
Molecular interaction of the anti-apoptotic Bcl-2
The anti-apoptotic Bcl-2 protein which protects against cell death (Vaux et al. 1988) , is located in the endoplasmic reticulum (ER) membrane, the nuclear envelope and the mitochondrial outer membrane (MOM) (Krajewski et al. 1993) . At the molecular level certain functions of anti-apoptotic Bcl-2 protein are well described (Fig. 3) , whereas some others remain unclear or unknown. Bcl-2 is a key member of the Bcl-2 family, which modulates induction of the caspase-9-dependent apoptosis pathway at the outer mitochondrial membrane and has been the prime choice of anti-apoptosis engineering in the biotechnology community.
Bcl-2 suppression of apoptosis is primarily by protection against disruption of mitochondrial membrane potential and by involvement of cellular bioenergetics. Thus, Bcl-2 has been suggested to inhibit apoptosis by binding or sequestering proapoptotic proteins Bax and Bak or by regulating Bax/ Bak binding partners such as voltage dependent anion channel (VDAC) or adenine nucleotide translocator (ANT) at the mitochondria. To the latter, conflicting data exist regarding the regulation of opening or closing of VDAC to regulate the proton efflux (Vander Heiden et al. 2000; Shimizu et al. 2000; Shimizu et al. 1999 ). Moreover, Bcl-2 was shown to restore the high ATP-to-ADP ratio in the cytosol by facilitating in the mitochondrial ATP/ADP exchange (Vander Heiden et al. 1999) and to directly enhance the antioxidant defense mechanisms thus reducing the generation of reactive oxygen species (ROS) (Deng et al. 2003; Hockenbery et al. 1993; Imahashi et al. 2003) . Bcl-2 also regulates Ca 2? content in the mitochondria and endoplasmic reticulum (Lam et al. 1994) . However, the exact regulatory function of the bioenergetics has not been fully elucidated (Murphy et al. 2005) . In addition to these well-characterized effects, the anti-apoptotic Bcl-2 protein has also been suggested to prevent apoptosis by, at least in part, stricter control of K ? channel and mitochondrial potassium efflux (reviewed by Remillard and Yuan 2004) . On the other hand, as mentioned before recent studies demonstrated that Bcl-2 can sequester Beclin-1, a protein necessary for assembly of the autophagosome for autophagic cell death (Pattingre et al. 2005) .
In contrast to promoting cell survival, Bcl-2 has also been shown to interact with nuclear receptor NUR77 and can, in turn, activate Bax and Bak to induce apoptosis (Lin et al. 2004) . A crucial factor for its pro-or anti-apoptotic effect has been discovered to be the Bcl-2 cellular concentration and its subcellular localization (Hanson et al. 2008 ).
Other cell functions
In contrast to most proto-oncogenes, the anti-apoptotic Bcl-2 inhibits cell cycle progression (Hockenbery et al. 1993; Mazel et al. 1996) . The inhibitory effect of Bcl-2 on the cell cycle occurs at the critical control point of G1-to-S phase transition. In this regard, it has been found that Bcl-2 over-expression can elevate the expression level of both cell cycle inhibitor genes p27 and the retinoblastoma pRB relative p130 and maintain the later repressive complexes with the transcription factor E2F4, perhaps to delay the transcription factor E2F1 activity which controls expression of S phase cell cycle entry genes (Vairo et al. 2000) . In addition, cyclin D/cdk4 and cyclin E/cdk2 activity has been found to be markedly diminished in Bcl-2 and Bcl-xL expressing cells (Greider et al. 2002) . Using a continuous Fig. 3 Overview of antiapoptotic Bcl-2 interaction with molecules involved in apoptosis and cell cycle regulation culture, Simpson et al. (1999) have been able to demonstrate a significant increase in the duration of G1 phase for the Bcl-2 over-expressing culture. They have noted that G1 extension was only evident when cells were cycling at reduced rates thus confirming that Bcl-2 can only potentiate cell cycle progression in response to environmental cues. These authors argued that the difference in G1 duration between the Bcl-2 and control cells is simply a reflection of the Bcl-2 mediated survival of cells arrested in the G1 phase due to nutrient limitation. Additionally, Bcl-2 cells revealed a consistently smaller cell size and RNA content and did not initiated macromolecular synthesis despite the induction of c-MYC and cyclin D compared to the control cells (Janumyam et al. 2003; Cory and Adams 2002) . These findings suggest that Bcl-2 prevents progression of events in G1 phase which delays entry to S phase. In an unpublished study of NS0-Bcl-2 cell line we have found that the reduced energy utilization rate of these cells was directly related to Bcl-2 over-expression. The diminished energy availability was assumed to have led to a reduction in energy consuming processes such as protein biosynthesis which may have accounted for the lower cell volume, protein content and antibody synthesis that were found in this study (Krampe and Al-Rubeai 2009) .
Recently, the first transcriptome profiling of cells over-expressing Bcl-2 has been established which proposed that Bcl-2 impacts several master-regulatory transcription factors, such as NF-B/Rel, AP1 and CREB, to control endothelial cell maturation and survival (Enis et al. 2008) . In this context, it has been reported that Bcl-2, when localized at the nuclear fraction, may affect nuclear trafficking of multiple factors by regulating nuclear pores, and thus, the activity of transcription factors and transcription itself (Massaad et al. 2004 ).
In conclusion, a better understanding of signaling pathway(s) for cell cycle control, survival, and other potential cell function regulations impacted by Bcl-2 would greatly contribute to the fundamental understanding of Bcl-2 anti-apoptotic mechanism. Nevertheless, the suppression of apoptosis by Bcl-2 and other family members, the drawback of the use of these genes in cell technology is their negative impact on 'apoptosis-unrelated' characteristics, including specific productivity (Simpson et al. 1999; Tey et al. 2000a, b; Meents et al. 2002; Tey and Al-Rubeai 2005a, b) .
Induction of cell death in mammalian cell cultures
The study of cell death, particularly apoptosis, has been an important area in biomedical research since its discovery in 1972. However, first evidence of the occurring process of apoptosis in cell culture was provided by Al-Rubeai et al. (1990) . Since this report, all industrially important cell lines have been found to be dying by apoptosis. At the end of a batch culture, cells readily undergo apoptosis due to the deprivation of nutrients such as glucose, glutamine, growth factors and oxygen or due to presence of toxic metabolites such as ammonia and lactate (Simpson et al. 1998; Singh et al. 1994; Mercille and Massie 1994) . In fed-batch, perfusion and chemostat cultures the situation is more complex since nutrients are constantly replenished and in some cases metabolites are removed. Cells can undergo apoptosis when nutrients are in critically low concentration or in response to various environmental stress factors such as high osmolality, pH fluctuations, oxygen gradients and deprivation due to insufficient mixing at high cell densities and potential generation of reactive oxygen species Singh et al. 1994; Al-Rubeai et al. 1995a; Simpson et al. 1998; Singh and Al-Rubeai 1998; Ryu and Lee 1999) . Also, exposure to increasing hydrodynamic forces by bubble bursting at the liquid surface, gas sparging, liquid flow or gas entrainment and energy dissipation of the impeller stream can induce apoptosis (Al-Rubeai et al. 1995a; Chisti 2000) . Consequently, increasing level of apoptosis can lead to a decrease in productivity, product quality, growth and viable cell number Goswami et al. 1999; Majid et al. 2007 ).
More recently, evidence implies that the programmed cell death by autophagy also plays a role in cell culture (Zustiak et al. 2008) . Recent publication by Hwang and Lee (2008) showed that CHO cells in batch culture exhibited hallmarks of both apoptosis and autophagy due to nutrient depletion; hence, feeding would inhibit or reduce autophagy. To bear in mind, any attempt to disturb autophagy may render cells vulnerable to ER stress, suggesting that autophagy plays important roles in cell survival (Ogata et al. 2006 ).
Prevention of death by cell engineering
Apoptosis engineering
The importance of modification of the intracellular cell death pathways to enhance the robustness, survival and productivity of production cell lines has been suggested (Cohen and Al-Rubeai 1995) and demonstrated by several research groups in the last 15 years (reviewed by Kuystermans et al. 2007) (Table 1) .
The most common genetic modification reported in literature involves over-expression of either Bcl-2 or Bcl-xl, although other genes such as E1B19K, XIAP and Bhrf-1 (Mercille and Massie 1999; Sauerwald et al. 2003; Juanola et al. 2009 ) has also been used to confer apoptosis resistance. The bcl-2 gene Bcl-xl Bcl-2-like 1 CHO was the first to be recognized as a survival gene involved in the apoptotic pathway and demonstrated increase in cell density and viability correlated with delay of apoptosis in hybridoma (Itoh et al. 1995; Al-Rubeai et al. 1995a) . In other studies bcl-2 and bcl-xL over-expression was reported to enhance target protein in engineered CHO cells (Meents et al. 2002; Tey et al. 2000b; Chiang and Sisk 2005) . Major and Betenbaugh (2009) found that transient overexpression of bcl-2 in CHO culture resulted in an increased yield of 70-270% with adequate product quality and maintenance of high viable cell numbers. Although, in one early report Bcl-2 failed to protect murine plasmacytoma NS0 cells against apoptosis induction in a batch culture (Murray et al. 1996) , in a variety of environmental stress Bcl-2 has been recognized to mediate suppression of apoptosis following ammonium toxicity, oxygen limitation, hyperosmotic pressure and pH variation, occurring at late stage batch/fed-batch culture or high density culture of cell lines used for the production of recombinant proteins (Simpson et al. 1997; Perani et al. 1998; Mercille and Massie 1994; Kim and Lee 2002) . Perani et al. (1998) also showed that Bcl-2 cells under shear stress condition increased in their viable cell number by nearly fivefold compared to the control. Apparently in all the above studies bcl-2 homologs demonstrated varying degree of protection depending on the nature and strength of insult which may be partially explained by the anti-apoptotic gene expression level at the time of insult which was shown to vary with time during batch culture (results not published), cell to cell or clonal variability resulted from genetic instability or functionally redundancy of the gene presumably due to their low expression. Indeed, a threshold level of expression was reported to be required E1B-19K (Mercille and Massie 1999) activity to protect cells from apoptosis. A key factor in long-term cultivation is the role of various nutrients in culture medium. Thus, quite a few studies have been disclosed that death due to deprivation of glucose (Tey and Al-Rubeai 2005a) , serum (Al-Rubeai et al. 1992) , one or several B-group media vitamins (Ishaque and Al-Rubeai 1999) and all individual amino acids, with exception of theronine (Al-Rubeai et al. 1995b; Simpson et al. 1998) (Ishaque and Al-Rubeai 2002) can be inhibited by the overexpression of Bcl-2 protein. Similarly, cells overexpressing the Bcl-2 family member Bcl-xL showed improved survival properties upon exposure to culture insults initiated by the deprivation of glucose, ammonium chloride, or serum (Figueroa et al. 2004; Mastrangelo et al. 2000) . Subsequently, suggestion was made that the reduced amino acid and nutrient utilization in Bcl-2/Bcl-xL transfected cells presumably lead to down-regulation of bioenergetic status of the cell and thus to reduce the nonessential or energy consuming cellular functions (Murphy et al. 2005) . Such suggestion would provide explanation to the observation of lower or unchanged specific antibody in bcl-2 or bcl-xL over-expressed cell lines (Tey et al. 2000a, b; Tey and Al-Rubeai 2005a, b; Meents et al. 2002; Simpson et al. 1999; Bierau et al. 1998; Fassnacht et al. 1998; .
Moreover, analysis of the biochemical characteristic and biological property of the molecular produced in cells over-expressing bcl-2 homologs showed consistent or even higher galactosylation index (GI) values in both batch and continuous culture. This was explained as partly related to the enhanced cell viability (Chiang and Sisk 2005; Majid et al. 2007 ).
Other strategies for improving cell survival include approaches that interfere with caspase activation such as anti-sense RNA against caspase or over-expression of caspase inhibitors such as XIAP and Crma demonstrating apoptosis protection in cell culture (Sauerwald et al. 2003) . The same effect was given by over-expressing E3 ubiquitin ligase (MDM2) of p53 in CHO (Arden et al. 2006) . Transfection of human telomerase reverse transcriptase (hTERT) catalytic subunit in CHO-K1 cells resulted in significantly lowering apoptosis thus allowing cells to survive and proliferate in serum deprived culture (Crea et al. 2006) . Other key regulatory points in the control of apoptosis are heat shock proteins (Hsp). Over-expression of Hsp27 and Hsp70, either individually or in combination in CHO cells extended considerably the fed-batch culture time, thus, improving the IFN-c titer by 2.5-fold ). In addition to death protection, over-expression of HSP70 in BHK-21 cells was reported to lead to a higher specific activity of the recombinant protein (Ishaque et al. 2007) .
Further successful engineering approaches used to acquire higher cell protection and cell densities were given by co-transfecting cells with, for example, Aven and Bcl-xL (Figueroa et al. 2004) or E1B-19K and Aven (Figueroa et al. 2007 ). Further, co-expression of c-MYC, which generally promotes cell proliferation together with the anti-apoptotic Bcl-2 in a CHO cell line resulted in enhanced proliferation and decreased apoptosis rates leading to higher maximum cell numbers (Ifandi and Al-Rubeai 2005) . Other examples of co-transfection strategies to improve bioprocessing of mammalian cells include the transfection of NS0 cells with bcl-2 and p21 (Astley and Al-Rubeai 2008) .
The application of siRNA technology has contributed to the development of apoptotic resistant cell lines by the manipulation of pro-apoptotic gene. Lim et al. (2006) knocked down Bak and Bax to 10% of their normal level using siRNA technology to result in a 30-50% higher viability of CHO batch and fedbatch cultures and 35% increase in interferon product titer. This study showed also that CHO containing the genetic inactivated targets clearly resisted the deleterious effect of cytotoxic lectins, UV irradiation, nutrient depletion and hyperosmotic condition. The same pro-apoptotic genes were targeted by Cost et al. (2009) who used the zinc-finger nuclease technology to cleave Bax and Bak in CHO cell line. The double knock-out cells were more resistant to apoptosis induction by starvation, staurosporin and sodium butyrate and produced two to fivefold more IgG than the wild-type when grown in small scale culture systems. Further, Wong et al. (2006) used siRNA technology to knock down the pro-apoptotic genes alg-2 and requiem which has been profiled as upregulated in fed-batch culture by microarrays. The engineered cells revealed higher maximum cell numbers and 2.5-fold higher recombinant interferon gamma yield with a greater sialylation pattern.
A completely new dimension of the regulation of cellular apoptotis was given by the recent discovery of miRNA. To highlight its cell culture applications, Gammel (2007) clearly presented the complexity of the regulation of both apoptosis and proliferation which is more multifarious than previously assumed, as well as miRNAs importance for improving industrially relevant cell lines including CHO.
Autophagy engineering
It was reported that autophagic cell death can occur parallel to apoptosis prevention by caspase inhibitors or by blocking the apoptosis machinery (Shimuzu et al. 2004 ). The reported potential deleterious effect of autophagy has led to the efforts to manipulate its pathway. Hwang and Lee (2009) as well as published the successful approach of delaying the onset of both autophagic and apoptotic cell death during batch culture in CHO cells by the overexpression of active protein kinase B (Akt) and Bcl-xl, respectively. The outcome was enhanced cell viability for an extended period of culture time with no change in specific productivity. An overview of proposed bottleneck targets for autophagic related engineering in mammalian cells is given by Mohan et al. (2009) . To bear in mind, in most cases any successful attempt of cell survival engineering should not only suppress cell death but in the same should not negatively influencing specific production rate.
Conclusion
The underlying molecular regulation of cell death and interactions of particular pro-and anti-death proteins have been well studied over the last decade. Besides, we have clear understanding of both type I programmed cell death (apoptosis) and type II programmed cell death (autophagy) which has allowed us to use genetic and environmental approaches to control their pathways. Currently, the most efficient approach to control cell death is by nutrient feeding and metabolic manipulation. This approach based on fed batch culture process has led to much increased productivity through intensive process development. The integration of cell engineering of programmed cell death with metabolic manipulation and feeding processes will likely provide strong impetus to further development to increase bioreactor productivity and enhance cell robustness if specific productivity is kept unaffected by the metabolic burden that might be created by the over-expression of the survival gene. The ultimate result is successful and profitable biopharmaceutical products that are accessible and affordable to patients.
